INTRODUCTION

31
Many compounds have the potential to harm pancreatic beta-cells and disrupt glucose 32 homeostasis in the human organism (1). Such compounds include pharmaceuticals like pentamidine (2), 33 or fluoxetine (SSRI antidepressant) (3) or saturated fatty acids palmitate (4), or stearate (5); and 34 potentially also organochlorine pollutants, such as the now-banned pesticide DDT (6, 7) . Even decades 35 after most of the countries banned its use, DDT and its metabolites persist in the environment (8, 9) and 36 represent a threat to living organisms (10, 11) . Epidemiologic studies (12-15) showed a correlation 37 between the presence of DDT in the human organism and the incidence of diabetes mellitus.
38
Nevertheless, they did not specify if DDT affected insulin production by pancreatic beta-cells or insulin 39 signaling in target tissues (7, 16, 17) .
40
In our previous study, we used 2-D electrophoresis coupled to mass spectrometry to find 41 proteins possibly involved in mechanisms mediating prolonged (1 month) effect of non-lethal doses of 42 organochlorine pollutant p,p'-DDT in pancreatic beta-cells (6, 18) . In our present study, we aimed to find 43 markers of acute toxicity of lethal doses of p,p'-DDT in human pancreatic beta-cells NES2Y, also 44 employing 2-D electrophoresis. To achieve that, we exposed human pancreatic beta cells NES2Y to lethal 45 doses of p,p'-DDT for 24 and 30 hours and analyzed proteins with changed expression using a proteomic 46 approach (2-D electrophoresis coupled to MALDI-TOF mass spectrometry). Moreover, we stained the cells exposed to p,p'-DDT to visualize the altered shape of those cells. Obtained data could generally help 48 us to better understand the meaning and significance of changes in the expression of respective proteins 49 found after prolonged exposure to p,p'-DDT in NES2Y cells. 
53
We purchased p,p'-DDT (1,1,1-Trichloro-2,2-bis(4-chlorophenyl)ethane; product number 31041-54 100MG) from Sigma-Aldrich (www.sigmaaldrich.com), and propidium iodide from Abcam 55 (www.abcam.cz; ab14085) . For the western blot analysis, we used the following primary and secondary 56 antibodies: anti-cleaved caspase-6 (#9761), anti-cleaved caspase-7 (#9491), anti-cleaved caspase-8 57 (#9496), anti-cleaved caspase-9 (#9505) anti-cleaved and total PARP (#9542), anti-GRP78 (#3177), and 58 anti-CHOP (#2895) from Cell Signaling Technology (www.cellsignal.com). We purchased anti-actin (clone 59 AC-40) primary antibody from from Sigma-Aldrich. 60 61
Viability of cells 62
The NES2Y human pancreatic β-cell line was kindly provided by Dr. Roger F. James (Department 63 of Infection, Immunity and Inflammation, University of Leicester). We seeded the cells in 24-well plate in 64 concentration 100 000 cells / 250 μl / well. After 24 hours, we exposed the cells to various p,p'-DDT LabScan software (both GE Healthcare, Uppsala, Sweden). We used Image Master TM 2D Platinum 6.0 120 software (GE Healthcare, Uppsala, Sweden) to analyze gels. We analyzed differences between 121 corresponding spots in each set of gels (NES2Y exposed to DMSO and p,p'-DDT 150 μM). We selected 122 spots with an approximately twofold (or bigger) difference in expression between the cell lysate exposed 123 to DMSO and the cell lysate exposed to 150 μM DDT as spots with a different expression. We We seeded the NES2Y cells at a density of 60 000 cells / 0.5 ml of the medium onto coverslips.
140
After 24 hours, we replaced the medium with a fresh one containing 150 μM p,p'-DDT. We used cells 141 cultivated in medium without pollutants as control cells.
142
After 24 hours, we discarded the medium and washed the cells three times with PBS (5-10 min).
143
Then, we fixed cells using 4% paraformaldehyde for 20 min, washed them by PBS, permeabilized them 144 with 0.3% Triton X-100 for 10 min, and washed them again. After that, we blocked cells with 1% BSA for 145 60 minutes and stained them with the primary anti-tubulin antibody (ab6046 from Abcam, Cambridge, We analyzed statistical significance of results of 2-D electrophoresis and western blot using the 156 Student´s t-test. We analyzed statistical significance of results of flow cytometry using a one-way ANOVA 159 3. RESULTS
160
Effect of various concentrations of p,p'-DDT on the viability of NES2Y cells 161
For our study, we wanted to establish a concentration of p,p'-DDT that would kill approximately 162 20 % of cells after 24 hours of exposure, so the remaining 80 % of cells would provide us with enough 163 proteins for 2-D electrophoresis. Tested concentrations were chosen based on our previous results (6).
164
After 24 
Effect of p,p'-DDT on apoptotic and ER stress markers
180
In order to confirm that p,p'-DDT induced apoptotic cell death in NES2Y cells we tested the 181 presence of main markers of apoptosis, i.e., activated caspase-8, -9, -6, -7 and cleaved PARP (poly (ADP-182 ribose) polymerase) -a substrate of caspase-7, (Fig. 2 ). We did not detect caspase-3 since we know that 183 it is not functional in NES2Y cells (19) . The level of cleaved caspase-8 increased to 235 % of control (p = 184 0.039) after 24-hour exposure, and to 391 % of control (p = 0.015) after 30-hour exposure (Fig. 3) . The 185 level of cleaved caspase-9 also increased after both 24-hour exposure (581 % of control, p = 0.018) and 186 30-hour exposure (423 % of control, p = 0.004), (Fig. 3) . The level of cleaved caspase-6 increased to 555 187 % of control (p = 0.042) after 24 hours of exposure, and to 635 % of control (p = 3.77 x 10 -4 ) after 30-hour 188 exposure (Fig. 3) . The level of cleaved caspase-7 represented the highest increase; it reached 1434 % of 189 control (p = 0.003) after 24-hour exposure, and after 30-hour exposure, it reached 1820 % (p = 0.008) of exposure, and to 1875 % of control (p = 0.034) after 30-hour exposure (Fig. 2, Fig. 3 ). The 24-hour exposure to 150 μM p,p'-DDT changed the expression of 10 spots; 4 spots were 209 upregulated, and 6 spots were downregulated when compared with control ( Fig. 4, Tab. 1) . 78 kDa 210 glucose-regulated protein (GRP78, also known as BiP) was represented by three upregulated spots 211 (GRP78 * , GRP78 ** , GRP78 *** ); spot GRP78 * was upregulated to 1610 % of control (p = 0.045), spot 212 GRP78 ** to 240 % of control (p = 0.003), and spot GRP78 *** to 285 % of control (p = 0.044). Another 213 glucose-regulated protein, 75 kDa glucose-regulated protein (GRP75, also known as mortalin) was found 214 upregulated too (spot GRP75, expression increased to 1083 %, p = 3.38 x 10 -4 ). 
216
222
The 24 
Proteins with changed expression after 30 hours of exposure to p,p'-DDT
237 Almost all proteins that changed their expression after 24-hour exposure changed expression 238 also after 30-hour exposure (Fig. 4, Tab. 1 ). The only exception was spot GRP78 * (78 kDa glucose-239 regulated protein). The spot was smeared and blended with surrounding spots; therefore, it could not be 240 analyzed. The 30-hour exposure to 150 μM p,p'-DDT upregulated the expression of 78 kDa glucose-241 regulated protein to 242% of control (spot GRP78 ** , p = 7.59 x 10 -8 , and to 197% of control (spot GRP78 *** , p = 1.88 x 10 -5 ), and the expression of 75 kDa glucose-regulated protein to 857 % of control 243 (spot GRP75, p = 7.75 x 10 -4 ).
244
The 30 
252
Besides 10 proteins with changed expression detected after both 24-hour exposure and 30-hour 253 exposure, there were also 14 more spots with changed expression detected only after 30-hour exposure. 254 (Fig. 4, Tab. 2). Those 14 spots represented 14 proteins; nevertheless, some spots contained two 255 proteins, and some proteins occurred as two different spots. We found 3 proteins upregulated: N-myc 256 downregulated gene 1 protein (spot NDRG1, p = 0.019) to 312 % of control, EF-hand domain-containing 257 protein D2 (spot EFHD2, p = 3.01 x 10 -3 ) to 274 % of control, and one of the two spots representing 258 endoplasmin (spot ENPL * , p = 1.31 x 10 -4 ) to 199 % of control (Fig. 4, Tab. 2). 259 260 261 (BIEA) and elongation factor 2 (EF2), (Fig. 4, Tab. 2). The position of the BIEA/EF2 spot did not correlate 285 with predicted size for EF2, which means that the spot contained an EF2 fragment. 286
Morphology of cells exposed to p,p'-DDT
287
To visualize changes in the morphology of cells exposed to p,p'-DDT (150 μM), we employed 288 immunofluorescence of cytoskeletal proteins actin and tubulin. We found no cells undergoing mitosis or 289 cytokinesis among cells exposed to p,p'-DDT, but such cells occurred among cells exposed to solvent 290 control (DMSO), (Fig. 5 ). Many cells exposed to p,p'-DDT had a more elongated shape than control cells.
291 Some cells exposed to p,p'-DDT were even divided into two parts connected by a long thin "neck" and 292 with a nucleus located in one of those parts. Strong upregulation of 78 kDa glucose-regulated protein (GRP78, also known as BiP) indicated 308 the presence of the stress of endoplasmic reticulum (ER stress) in cells exposed to p,p 24) .
309
Another protein, CHOP mediates the ER stress-induced apoptosis (25), and its upregulation in cells 310 exposed to p,p'-DDT supports the idea that ER stress played a role in cell death induced by p,p'-DDT in 311 pancreatic beta-cells.
312
The exposure to p,p'-DDT also increased the expression of endoplasmin (or heat shock protein 313 90 kDa beta member 1) in pancreatic beta-cells (see Tab. 2). Endoplasmin plays a vital role in cell survival 314 under ER stress (26-28). Therefore, its upregulation supports the idea that exposure to p,p'-DDT induces 315 ER stress in beta-cells. Another spot identified as endoplasmin had a smaller size than predicted, and its 316 expression was downregulated. Endoplasmin is a dimer (27), and theoretically, the downregulated spot 317 could represent the endoplasmin monomer. 
325
DDT also reduced the expression of both NDUS1 and NDUS3. We hypothesize that DDT exposure 326 affected first the metabolic pathways that precede the respiratory chain and later the respiratory chain 327 itself.
328
Another protein with changed expression, 75 kDa glucose-regulated protein (GRP75), is a 329 molecular chaperone localized preferentially (but not exclusively) in mitochondria. This chaperone 330 interacts with many proteins, including NDUS3 mentioned above (29). In mitochondria, GRP75 helps to 331 maintain mitochondrial shape and function (30, 31) . The exposure to p,p'-DDT strongly upregulated 332 expression of GRP75 (see Tab. 1, and 2), which may suggest that, after the exposure to DDT, 333 mitochondria needed full support to maintain their functionality. In 2-D electrophoresis, researchers usually see the presence of fragments of cytoskeletal 341 proteins as a sign of cell degradation (33). Nevertheless, we found only two cytoskeletal proteins with 342 altered expression, i.e., vimentin (VIME) and keratin type II cytoskeletal (K2C8). Both spots were at 343 positions corresponding to their predicted size, which means that they were full-size proteins and not 344 fragments. It is interesting to compare these data to our previous results, where we exposed NES2Y work 345 to a non-lethal concentration of p,p'-DDT for 1 month and found changed expression of several 346 cytoskeletal proteins and their fragments (6). We hypothesize that the presence of fragments of 347 cytoskeletal proteins does not necessarily correlate with the presence of cell death.
348
Proteins affecting cell shape 349
We also tried to identify proteins that could play a role in the altered shape of exposed cells.
350
Some of the cells exposed to p,p'-DDT achieved a singular shape: a prolonged one, with a long thin 351 middle section (see Fig. 5 ). We have identified several proteins with a changed expression that could play 352 a role in this phenomenon.
353
We found a downregulated expression of a fragment of ezrin after exposure to p,p'-DDT. 
Proteins involved in oxidative stress
376
The exposure to p,p'-DDT downregulated the expression of biliverdin reductase A (BIEA). The 377 bilirubin/biliverdin system represents powerful protection against oxidative stress (46). Recently, Lee and 378 coworkers (47) described that forced upregulation of BIEA protected rat pancreatic beta-cells INS1E from 379 ER stress and oxidative stress. Pancreatic beta-cells have a low antioxidative defense (48). BIEA with 380 better quenching ability than glutathione (47) can represent an effective defense mechanism against 381 ROS and ER stress in pancreatic beta-cells.
382
The exposure to p,p'-DDT reduced the expression of Ras GTPase-activating protein-binding 383 protein 1 (G3BP1). G3BP1 controls an antioxidative ability of stress granules under stress conditions (49, 384 50). The exposure to p,p'-DDT also reduced the expression of ferritin light chain (FRIL). The 385 downregulation of FRIL can indicate that p,p'-DDT-treated cells are less able to quench ROS (51).
386
Together with the downregulation of biliverdin reductase A, these changes in protein expression suggest 387 that after 30-hour exposure to p,p'-DDT, beta-cells are losing their defense against oxidative stress. The exposure to p,p'-DDT reduced the level of heat shock protein 27 in pancreatic beta-cells.
390
HSP27 inhibits apoptosis: it prevents the activation of caspase-9 by blocking the formation of 391 apoptosome (52, 53) . The downregulation of HSP27 could be the reason why HSP27 failed to prevent the 392 activation of caspases; activated caspase-9 was detected in cells exposed to DDT by western blot 393 analysis.
394
CONCLUSIONS
395
In this study, we aimed to find markers of acute toxicity of lethal doses of p,p'-DDT in human 396 pancreatic beta-cells NES2Y employing 2D electrophoresis. Moreover, we stained the cells exposed to 397 p,p'-DDT to visualize the altered shape of these cells.
398
We have found 22 proteins that can be used as markers of acute cell toxicity of p,p'-DDT in 399 pancreatic beta-cells NES2Y. Those included proteins involved in ER stress (GRP78, and endoplasmin), 400 mitochondrial proteins (GRP75, ECHM, IDH3A, NDUS1, and NDUS3), heterogeneous nuclear 401 ribonucleoproteins (HNRPF, and HNRH1), cytoskeletal proteins (K2C8, and vimentin), proteins with 402 potential to change the cell shape (EFHD2, TCPA, NDRG1, and ezrin), proteins involved in processes 403 connected with DNA or RNA (PBDC1, EF2, and PCNA), proteins involved in oxidative stress (BIEA, and 404 G3BP1, and FRIL), and heat shock protein 27.
405
Also, we have found that p,p'-DDT-induced cell death is apoptotic cell death and that lethal 406 doses of p,p'-DDT induces ER stress in NES2Y cells.
407
